Local electronic properties of InAs/ GaAs nanostructures are studied using a real-space moments method sp 3 d 5 s * tight-binding approach. The order ͑N͒ method is unique because it allows for accurate and highly resolved determination of local density of states that accounts for local strain, disorder, and defects, without diagonalization of the full tight-binding Hamiltonian. The effects of free surfaces and strain are first investigated by considering pure, cuboidal GaAs nanostructures. The quantum confinement in an embedded InAs quantum dot is then shown directly through the local densities of states projected on different atoms in the structure. The relationship between effective energy band gap and quantum dot size is mapped onto a simple equation. Finally, the real-space study is applied to quantum dot structures observed experimentally using scanning tunneling microscopy. Atomic positions are obtained from the images and used as input into the tight-binding calculations in order to study interfacial effects on the local electronic structure of real embedded quantum dots. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2171473͔
Semiconductor nanostructures have stimulated intensive research interest, owing to their unusual electrical and optical properties. 1, 2 The electronic properties of nanostructures, such as the energy band gap, can be tailored by their size due to quantum confinement, which provides the fundamental principle for the development of nano-optical and electronic device applications.
As the minimum feature size of a nanostructure is reduced to the length of a few monolayers, nonuniform features such as strain, defects, and impurities become more important. These heterogeneous features lead to nonuniform electronic properties. The local properties of substructures, such as embedded nanostructures, interfaces, and impurities, differ from bulk properties or even freestanding substructure properties. To study these features experimentally, reciprocal space techniques such as x-ray diffraction, for example, which is powerful for exploring the properties of uniform bulk structures, are superseded by real-space techniques, such as scanning tunneling microscopy ͑STM͒.
3 Theoretically, real-space methods that can explore the local properties of nonuniform nanostructures, such as quantum dots, are also needed.
In this letter, a new real-space theoretical study is presented: electronic properties of InAs/ GaAs nanostructures are considered using a moments-method tight-binding ͑TB͒ model. This computational approach is a theoretical analog to a STM probe in that it probes the local electronic structure of an individual atom ͑or substructures͒ in real space. Thus, in this letter, results of the computational approach for a real quantum dot nanostructure are compared directly to actual atom-resolved STM results for the same structure.
In this study, an sp 3 d 5 s * TB Hamiltonian by Boykin et al. 4, 5 is used, in which both the diagonal and neighboring atom Hamiltonian matrix elements are environment dependent. This parametrization also explicitly accounts for spinorbit interaction. Calculations based on this TB parametrization accurately reproduce the band edges and band gaps of InAs, GaAs, as well as the InGaAs alloy structures from experiments. 4, 5 In the present work, using this TB model, the method of moments is used to reconstruct the local density of states ͑LDOS͒ projected on individual atoms in a way that accounts for nonuniform features such as surfaces, interfaces, and point defects. The local structural environment around each atom is sampled statistically by collecting moments, or products of hopping integrals connecting random walks starting and finishing on that atom. [6] [7] [8] [9] [10] The LDOS is then deduced from these statistical moments. In this work, 1024 Chebyshev moments are used in the kernel polynomial method combined with the maximum entropy method, which has been shown to accurately reconstruct the LDOS of carbon nanotubes. Details of this method are presented by the authors elsewhere. 6 Similar to an experimental STM technique, this method provides a convenient way to explore the local properties within a large structure, and thus it can be considered as a theoretical atom probe comparable to a STM. The accuracy of this theoretical probe is dependent on the type and number of moments ͑or random walk steps͒ used in the reconstruction of the LDOS.
GaAs nanostructures.-To demonstrate the method, a series of pure, cuboidal GaAs nanostructures is first considered, as shown in Figs. 1͑a͒ and 1͑b͒. The Ga atoms are shown as cyan and the As atoms are shown as yellow. The x direction is along ͑110͒, the y direction is along ͑110͒, and the z direction is along ͑001͒. The size of the structure is characterized by N x ϫ N y ϫ N z , which corresponds to the real size N x a / ͱ 2 ϫ N y a / ͱ 2 ϫ N z a, where a = 5.6532 Å is the lattice constant of GaAs. The structure is relaxed by an atomistic valence-force-field ͑VFF͒ model. which is a freestanding cube approximately 6 ϫ 6 ϫ 6 nm. The structure includes 9900 atoms in total. Clearly, the As atom has the largest LDOS in the valence band, while the Ga atom has the largest density of states ͑DOS͒ in the conduction band. The red curve in Fig. 1͑c͒ is the average of the LDOS of the Ga and As atoms, which closely reproduces the DOS of bulk GaAs. 14, 15 When the size of the GaAs nanostructure is reduced, the presence of the free surface becomes important. Figure 1͑d͒ shows the LDOS of the center Ga atoms in cuboidal GaAs nanostructures of different size. Some surface states are found among the band gap near the Fermi energy for the small structure 7 ϫ 7 ϫ 5 ͑980 atoms͒. The surface state is associated with the unreconstructed surface structure 14, 15 allowed by the VFF model. As shown in Fig. 1͑d͒ , the surface states among the band gap vanish for structures larger than 15ϫ 15ϫ 11. Figure 1͑e͒ presents the band gap of the center Ga atom in GaAs 15ϫ 15ϫ 11 structure under hydrostatic deformation, ⑀ xx = ⑀ yy = ⑀ zz = ⑀. Here, negative ⑀ corresponds to hydrostatic pressure, and positive ⑀ corresponds to a uniform dilation. The band gap is narrowed with a positive strain. With a negative strain, the band gap is widened first and then narrowed too, which is due to the indirect band gap. Figure 2͑a͒ shows the core part of an InAs 7 ϫ 7 ϫ 5 QD within GaAs buffers. The GaAs lattice is clearly strained due to the lattice mismatch between GaAs and InAs; the InAs quantum dot is correspondingly compressively strained. Figure 2͑b͒ shows the LDOS of different atoms in the InAs 7 ϫ 7 ϫ 5 QD and GaAs buffer. Some state density is found at an energy of 1.45 eV for the In atom in the center of the QD, and for the In and Ga atoms in the interface. Moreover, the densities decrease with increasing distance from the center of the QD. In the GaAs matrix, the LDOS at this energy level vanishes. Thus, it can be concluded that the LDOS at the energy level 1.45 eV indicates a confined state in the InAs QD. To more plainly illustrate the confined state, the LDOS distribution for the energy level 1.45 eV is plotted along the x direction in Fig. 2͑c͒ . In this plot, the seven pink positions are In atoms and the remaining cyan positions are Ga atoms. The position of the center In atom in the QD is set as zero. The DOS of the confined state is largely restricted to the InAs QD region with a small tail into the nearby GaAs matrix. Mapping confined states in a quantum dot using the LDOS is a unique capability of the moments-method TB approach.
Next, size effects in InAs QDs are considered. Figure  2͑d͒ presents the LDOS at the center In atoms of two QDs with different sizes: 7 ϫ 7 ϫ 5 and 15ϫ 15ϫ 11. Increasing the size of the QD changes the energy levels of the confined states, which effectively narrows the energy gap in the QD. The energy gap of the InAs QD is determined by both its finite size and the state of strain; due to the surrounding GaAs matrix, both the finite size and the compressive strain induce a wider energy gap than in bulk InAs. In Fig. 2͑e͒ , the energy gaps of different cuboidal QDs are plotted with numbers of atoms in QDs. Clearly, the effective band gap diminishes with increasing QD size. The relationship between the effective band gap and the number of atoms in the QD can be approximately described by
where N is the number of atoms in the QD. Equation ͑1͒ can be understood at a simple level by considering the InAs QD to be an ideal infinite potential well. The energy levels of the confined states in the potential well would depend on its size L as 1 / L 2 , and thus, approximately, as 1 / N 2/3 . In the present case, when N → ϱ, the energy gap will be 0.384 eV, which is close to the literature value of the band gap of bulk InAs, approximately 0.37 eV. 4, 5 The slightly wider energy gap here is due to the compressive strain in the InAs QD as mentioned above. For the smallest QDs in Fig. 2͑e͒ , the energy gap is slightly smaller than that predicted by Eq. ͑1͒. One reason is that the InAs QD system is obviously not an ideal infinite potential well, and the confined states decay into the GaAs buffer, which lowers the energy of the confined states and leads to the smaller energy gap than that predicted by Eq. ͑1͒. For small size QD structures, this effect is important, as the tail length of the confined state in the GaAs buffer is comparable with the size of InAs QD itself. For larger QD structures, the effect of the compressive strain in the QD will be more important.
Finally, the theoretical atom probe concept is used to study an InAs QD with more complex and realistic features, as observed experimentally. Figure 3͑a͒ shows an experimental STM image of an InAs quantum dot embedded in a GaAs matrix, where the bright region is due to higher In composition. [16] [17] [18] To obtain the precise atomistic structure of the QD from the image, an algorithm based on the brightness of the STM image is used to determine the atom types and positions. After recording the atom positions from the STM image, the structure of the InAs QD and GaAs matrix is relaxed by the VFF model. The relaxed structure is shown in Fig. 3͑b͒. Figures 3͑c͒ and 3͑d͒ are experimentally and computationally obtained spectra, respectively, of the matrix ͑mostly Ga͒, the QD ͑mostly In͒, and the dot/matrix interface. It is noted that the scanning tunneling spectra ͑STS͒ and the computed spectra are not from precisely the same atoms, but atoms whose environments are similar. Both the STS and computational studies show a variation in the effective band gap with position across a QD, with the smallest effective band gap near the QD center, where the In concentration is presumably highest. Additional work to compare details of the experimental and computed spectra is in progress.
In summary, a real-space computational study based on a unique moments-based TB model is demonstrated and applied to InAs/ GaAs nanostructures. The effects of surfaces and strain in cuboidal GaAs nanostructures are studied. The confined states in InAs QD are plotted in real space directly by mapping the LDOS across the QD structure, and the relationship between the band gap and QD size is reduced to a simple equation. Moreover, the computational results are directly compared to results from experimental STM observations. FIG. 3 . ͑Color͒ ͑a͒ Atomic resolution scanning tunneling microscopy ͑STM͒ image of an InAs QD. The bright region is the QD and the dark is the GaAs buffer. ͑b͒ The atomic structure of the QD recorded from the STM image. The LDOS of ͑I͒ the Ga atom in the buffer; ͑II͒ In atom in the QD; and ͑III͒ In atom near the interface from ͑c͒ the experimental scanning tunneling spectra and ͑d͒ computational studies. Note that the curves ͑II͒ and ͑III͒ are offset up in ͑c͒ and ͑d͒.
